Mining activity at the Kirki ore deposit has occurred over short periods, from 1974 to 1980 and 1990 to 1997 
Introduction
Mining has been a very important economic activity in Northern Greece since antiquity, due to the significant metal-rich ore deposits which occur within the different geological environments of the area. The result of this activity is significant environmental pollution, since mining is one of the major sources of toxic and heavy metal contamination (Kelepertsis and Bibou 1991 , Astaras et al. 1997 , Kitsopoulos and Pavlidou 2004 , Karatasou et al. 2005 , Damigos and Kaliampakos 2006 .
The case study of the Kirki ore-district pollution has been previously published by Watzl (1998) , Finitsi et al. (2002) , Arikas et al. (2004) , Skarpelis and Triantafyllidis (2004) , and Asfahani et al. (2005) . The mixed-sulfides mine of Saint Philippos in Kirki, located 6 km to the northeast, and particularly the flotation plant, located 3 km east of Kirki (Fig. 1) , have caused great environmental damage during the relatively short operation periods of 1974-80 and 1990-97 . The mining wastes at the cracked tailing ponds (Fig. 1 ) and at other locations of the plant, the remains of the mining concentrates, the piles of the unprocessed ore and the large number of destroyed and weathered barrels with chemical reagents, including sodium cyanide, are a great risk to public health. All these wastes are exposed to rain-water and constitute a permanent source of toxic metals and other materials, which are transported via the adjacent small river of Erini which flows to the south, and which discharges 23 km downgradient into the Thracean Sea, east of the city of Alexandroupolis (Fig.l) .
Poor management during the past mining and mineral processing has led to a significant environmental loading of the region with toxic leachate and toxic metals, such as Pb, Zn, Cu, As, Cd and others. The oxidation and the erosion of the sulfides within the tailing ponds and from the mineral concentrates has lead to the formation of new sulfate minerals, increasing the acid drainage and the emission of toxic metals into the hydrologie system (Arikas et al. 2004) . This study presents new mineralogical and geochemical data of three exceptionally polluted districts near Kirki in the region of Evros, which are 1) the tailing ponds and ore mineral concentrates, 2) the soils around the plant area and 3) the sediments of the Erini River, in order to determine the concentrations of the various heavy and toxic metals and the related minerals which carry such metals.
Analytical Techniques
Sampling was carried out during the years 1998 to 2005. The mineralogical and geochemical studies include: 1 ) the tailing ponds and ore mineral concentrates, 2) the area around the plant and 3) the sediments of the Erini River. Special care was assigned in the sampling of the six tailing ponds, where 80 cm deep sections were dug and a total of 29 samples were obtained (3 to 9 samples per section). In pond B4 the section was 110 cm deep, due to the erosion by rain water. Additional sampling was carried at the surface (2 cm deep) of the ponds where whitish fine grained secondary minerals have been formed.
Clay minerals in the selected samples were identified by X-ray diffraction (XRD) analysis of wholerock samples and clay fractions (<65 μπι) at the University of Hamburg. The geochemical study is based on a total of 180 chemical analyses for major and trace elements, measured with Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES), Total Reflection X-Ray Fluorescence (TXRF) and Atomic Absorption Spectrometry (AAS) at the University of Hamburg. The results focus on the following heavy metals: Fe, Μη, Pb, Zn, Cu, As and Cd, which are present in the mined and processed ore.
Geological setting
The geology of the studied area is dominated by Oligocene synorogenic subvolcanic stocks and dikes of calc-alkaline to high-K calc-/alkaline affinity. The magmatism resulted from the underthrusting of the African plate beneath the southern margin of the Eurasian plate and is attributed to slab break-off and/or slab delamination mechanisms (De Boorder et al. 1998 , Christofides et al. 1998 . A basal-clastic formation of Middle to Upper Eocene age including tuffaceous material (Papadopoulos 1982) discordantly covers the high to ultra-high grade metamorphic basement of the Rhodope massif (Mposkos and Kostopoulos 2001) . A volcanic sequence consisting of lava domes, flows and pyroclastics of andesitic to dacitic composition was intruded at about 32 Ma (Del Moro et al. 1988 ) by I-type subvolcanic dacite-andesitic and monzodioritic bodies. All the above lithologies are cut by rhyolitic dikes, which were intruded mainly along NNW-SSE trending faults.
The hydrothermal Pb-Zn deposit of Agios Philippos, north of Kirki ( Fig. 1 ) , NE-Greece, occurs as fracture fillings and breccia-hosted sulfides and sulfosalts in a tectonic zone bounded by two premineral subvertical faults (Michael et al. 1989 , Dimou 1994 , Skarpelis 1999 , Voudouris et al. 2005 . Rhyolites, which predate the mineralization, intruded the volcano-sedimentary host lithology. An advanced argillic alteration with alunite and minor pyrophyllite followed an early pervasive grey silicification of the rocks. Propylitic and sericitic hydrothermal alteration zones are developed peripheral to the ore zone. A part of the deposit comprises hydrothermal breccias of previously silicified sedimentary rock and rhyolite.
Exploration for Pb and Ag ores in the area of Kirki began late in the 19 th century. In 1932 English mining companies invested in exploration projects, started construction of mine shafts and managed to exploit 20,000 tn of ore. With the onset of the World War II, the German company "Thrazische Bergwerke" continued exploration in the Agios Philippos area. Small scale exploitation commenced and a part of a flotation plant with an 80 tn/day capacity was installed. Exploration for base metals and Ag in the following years was carried out by several state owned Greek agents. In 1973 the lease was sublet to "Evros Mining Co" between 1974 and 1980 (underground since 1977), which exploited and processed roughly 160,000 tn of ore at 4 to 10 % combined Pb and Zn. Pb concentrates at 60-70 % Pb, 3-7 % Cu and 500 gr/tn Ag, and Zn concentrates at 48-54 % Zn and 0.4-0.5 % Cd were produced. With several long interruptions, open pit mining and processing of the ore continued from 1990 up to 1997 and possibly 50,000-70,000 tn of ore were extracted.
On the basis of mineralogical studies (Moèlo et al. 1985 , Dimou 1994 , Skarpelis 1999 , Voudouris et al. 2005 ) the following mineral composition has been determined: pyrite (FeS 2 ), sphalerite (ZnS), wurtzite (ZnS), galena (PbS), jordanite (Pbi 4 As 6 S 2 3), Bi-jordanite (Pbi 4 BiAs 5 S 2 3), kirkiite (PbioBi 3 As 3 Si9 Driesner and Pintea (1994) revealed interesting trace element contents in wurtzite from Kirki: the Fe-and Mn-content is below detection limit, Cd reaches up to 2.6 wt%, In up to 3.5 wt%, Ga 1.6 wt% and Ge <0.3 wt%, while Hg, Sn and Ag usually are below detection limit.
Euhedral to subhedral barite crystals accompany sulfides and sulfosalts throughout the ore zone. Calcite, dolomite and rarely rhodochrosite are found in veins and veinlets crosscutting the ore, especially in the deeper parts of the mineralized zone, indicating they were the late formed hydrothermal minerals.
Results

The tailing ponds and mineral concentrates
The mineralogical study of the six tailing ponds (Figs 1, 2) which occur close to the flotation plant, revealed the presence of the typical hydrothermal-alteration minerals such as quartz, kaolinite, pyrophyllite, gypsum and sericite, as well as the most common ore minerals of the deposit, pyrite, galena and sphalerite/wurtzite.
In addition, the whitish fine grained secondary minerals (Fig. 2) formed at the sides of the tailing ponds due to the erosion of the mining wastes and the mineral concentrates, are considered to be of great importance for the environmental loading of the area. These minerals consist mainly of two various secondary sulfate salts: a halotrichite-dietrichite group-(Fe,Mn,Zn,...)Al 2 (S0 4 )4.22H 2 0 and a rozenite-boyleite group-(Zn,Fe,Mn,....)(S0 4 ).4H 2 0. Both mineral groups area characterized by absorbing high concentrations of Mn, Fe, Pb, Cu and mainly S, Zn and Cd, and as they are water soluble, they play a major role in the release of these metals into the environment and into the hydrologie system. Surface samples of pure whitish fine grained secondary minerals, mainly halotrichite and rozenite, contain up to 327,070 ppm S, 189,360 ppm Zn and 2,250 ppm Cd. In addition, due to their high sulfur content, they increase the acid drainage of the whole area. Wholerock chemical analyses (Table 1) of the surface samples of the tailing ponds containing these salt sulfates, showed extremely high concentrations in heavy metals such as Pb up to 12,620 (51,450) ppm, Cu up to 1,310 (5,750) ppm, Zn up to 57,830 ppm, As up to 490 (1,185) ppm and Cd up to 1,070 ppm.
The chemical analyses of the tailing ponds (Table 1) revealed up to 14,600 ppm Pb, 22,740 ppm Zn, 3,900 ppm Cu, 944 ppm As and 193 ppm Cd. These results confirm the suggestion that the enrichment processing of the ore mineralization was insufficient which led to the loss of significant quantities of ore, which has been transported and has accumulated in the tailing ponds.
Great piles of mineral concentrates remained inside and around the plant. Chemical analyses from the 8 concentrate piles are listed in table 2. The main ore minerals identified here are pyrite, galena and sphalerite/wurtzite. Some ore has been oxidized and secondary minerals such as goethite and anglesite also occur. Hydrous salt sulfates are also found and the most widespread is rozeniteboyleite. The chemical analyses of the concentrates (Table 2) From the correlation of the various heavy metals (Fig. 3) in the tailing ponds and in the oremineral concentrates, it is evident that the As content correlates with Pb and especially with Cu content, since As is found mainly in the copper bearing minerals. In addition, a positive correlation is evident between Cd and Zn because they are both found in sphalerite and wurtzite.
The area around the flotation plant
The area around the flotation plant is extremely contaminated because it is covered by scattered mining wastes and mineral concentrates, as well as by a large number of damaged barrels with various chemicals reagents, including sodium cyanide (Fig. 2 ). All these materials are exposed to the rain and the wind, and are dispersed throughout a wide area. In order to evaluate the impact of the various heavy metals in the sediments and soils, a series of standard, natural background values have been determined, after analysing uncontaminated sediments and soils of the studied area. Therefore, it would be possible to compare the chemical composition of the soils around the plant with the standard compositions and estimate the level of the contamination. These standard values are: 18 ppm for Pb, 72 ppm for Zn, 22 ppm for Cu, 15 ppm for As and 0.2 ppm for Cd.
The soils and the sediments in the vicinity of the flotation plant are also very highly contaminated (Table 3) , although their chemical composition shows a large heavy metal fluctuation. Almost all the samples contain over 5,000 ppm Pb and Zn. In places, the concentrations of Pb, Zn, Cu, As and Cd reach up to 33,400 ppm, 40,000 ppm, 2,500 ppm, 1,700 ppm and 290 ppm, respectively. These values are respectively 1850, 555, 115, 110 and 1450 times higher than the standard background values.
The sediments of the Erini River
The heavily contaminated tailing ponds and mineral concentrates, as well as the piles of unprocessed run-of-mine (ROM) material and the chemical reagents, sodium cyanide among them, constitute a long-term source of toxic metals and harmful compounds in the area of the flotation plant, being dangerous to public health. All these mining wastes are exposed to rain water, and thus the mobile elements are transported into the hydrologie network, mainly via the nearby small Krikalon Stream and then via the Erini River (Figs 1, 2 ) which discharges to the Thracean Sea, east of Alexandroupolis.
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As looo The chemical analyses of the sediments along the Erini River have been presented by Arikas et al. (2004) . The Pb concentrations reach 22,830 ppm, Zn 6,210 ppm, Cu 760 ppm, As 1,700 ppm and Cd 51 ppm. These concentrations are respectively 1270, 85, 35, 115 and 255 times higher than the background values of the sediments. In the clay fraction of these samples the following heavy metals: Pb (up to 37,800 ppm), Zn (up to 21,550 ppm), Cu (up to 1,030 ppm) and Cd (up to 133 ppm), are respectively 2100, 300, 47 and 665 times higher than the standard background values. These particularly high values, within the clay fraction of the sediments, are very important because of the fact that they are transported very easily in the river waters. In the diagrams of figure 4A it is shown that in both the loose sediments and the sediments of the 1 st terrace of Erini River, the correlations of Zn-Cd, Pb-As and Cu-As are positive as in the tailing ponds and the soils around the flotation plant. In contrast to the others, a few samples of the 1 st terrace show especially high concentrations of Pb and As. 
Conclusions
The present mineralogical-geochemical study demonstrates the extremely high risk to the environment and to public health, due to the heavy and toxic metal contamination of the area around the flotation plant and the Erini River near Kirki in the region of Evros. The tailing ponds, the soils and the sediments in the vicinity of the plant as well as the sediments of the river contain extremely high levels of Pb, Zn, Cu, As and Cd.
Field observations revealed that the "walls" of the six roughly-manufactured tailing ponds have been cracked, resulting in the discharge of the metal-bearing wastes and the sulfate salts in the stream of the adjacent Erini River. In addition, the mining area is saturated by scattered mining wastes and mineral concentrates, as well as by a large number of damaged barrels with various chemicals reagents, including sodium cyanide.
The most dangerous mineral species are the various sulfate salts which are the products of weathering of the mining wastes and which adsorb high quantities of Pb, Cu and especially S, Zn and Cd, and as they are easily dissolved in water, they constitute the best carrier of heavy metals into the hydrologie system. In addition, due to the high sulfur content, they increase the acid drainage of the area. Facing the dangerous contamination of the hydrologie system from these toxic metals, it is important to check the existing wells close to the Erini River, which are used for the supply of drinking water in various areas within the Municipality of Alexandroupolis. A complete proposal for an effective remediation of the Kirki mining-waste site is planned for the future.
